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INTRODUCTION
In geomechanics, soil packing density is typically measured at the macro scale via the specimen mass and volume, and is quantified as void ratio (e), specific volume (v), or porosity (n). For sands, the packing density plays a significant role in determining the mechanical response (e.g. as reflected in the state parameter: Wroth & Bassett, 1965; Been & Jefferies, 1985) . If a soil has a higher packing density (the particles are more closely 'knitted' together), it should have a greater number of particle-particle contacts and a greater area of contact per particle. Consequently, greater energy (corresponding to a higher deviatoric stress) is required to disengage the contacts and move the particles, making the material stronger. Researchers within the particulate soil mechanics community, using the discrete-element method (DEM) or photoelasticity, usually quantify particle packing density using the coordination number (CN), a measure of the number of contacts per particle.
For locked sands, the particle contacts are typically enlarged; this enlargement may have been caused by pressure solution induced by high interparticle contact forces acting over an extended geological timescale (e.g. Sorby, 1908; Barton, 1993) . However, some authors have interpreted the phenomenon of grain interpenetration as being exclusively mechanical, resulting from the inelastic deformations that take place as the sand compacts (compresses) (e.g. Stephenson et al., 1992) . Experimental research into the response of locked sand by Cuccovillo & Coop (1997 , Cresswell & Powrie (2004) and Bhandari (2009) emphasised the importance of the particle contacts and their contact area, which had developed through the geological history of the soil. These authors compared the behaviour of intact and reconstituted specimens from the Lower Greensand, a locked sand from the Lower Cretaceous Folkestone Beds of southern England. Even accounting for any differences in void ratio between the intact and reconstituted samples, the intact material was consistently found to have a higher initial shear stiffness, and had much higher peak strengths, which resulted from higher rates of dilation. The intact material also exhibited a more abrupt degradation in the shear stiffness (G). These authors used qualitative observations of the nature of the interparticle contacts and their evolution with shearing in discussing the origin of these responses. The current paper aims to provide a quantitative confirmation of the mechanisms involved by considering particle-scale measures of packing density, and relating them to the mechanical response. An optical microscope image of the intact, locked sand studied is shown in Fig. 1 .
Some of the differences in response between intact and reconstituted samples of the Greensand sampled near Reigate (from where the name of the sand derives) can be attributed to differences in the particle morphology that arise from breakage of the initially fractured particles during the reconstitution process (Fonseca et al., 2012a) , which had been overlooked in the various experimental studies. However, a full understanding of the differences requires consideration of the fabric or internal topology of the material, especially the particle contacts. The current study uses data from micro-computed tomography (micro-CT) scans with a voxel (3D pixel) size of 0 . 018d 50 to investigate the evolution of the packing of intact and reconstituted materials. Scalar fabric quantities such as CN, contact index (CI) and branch vector length (BVL) were used to link the macroscopic behaviour to the changes in the microstructure.
EXPERIMENTAL METHODS
A series of triaxial compression tests on specimens (38 mm in diameter and 76 mm high) of intact and reconstituted Reigate sand were carried out at a confining pressure of 300 kPa. The intact Reigate sand samples were carefully carved from block samples obtained from the same site as those used by Cresswell & Powrie (2004) and Bhandari (2009) . The reconstituted samples were obtained by gently disaggregating the material by hand and then placing it within a mould and membrane on the triaxial pedestal, applying tamping and vibration to achieve densities close to those of the intact samples. The testing procedure was identical for the two sample types, and the resulting load-deformation responses for representative intact and reconstituted samples are given in Fig. 2 . The intact and reconstituted samples had initial void ratios of 0 . 48 and 0 . 49 respectively, but despite the similarities in stress level and void ratio, the mechanical responses differ significantly, as observed by previous researchers. The tests were repeated and stopped at different stages of shearing, when the samples were impregnated with an epoxy resin to allow measurement of the evolution of the microstructure. The points selected were the initial state prior to loading (load stage 1), the onset of dilation (load stage 2), at the appearance of a visible shear band (load stage 3), and when approaching the critical state (load stage 4). Because of the strain localisation, a critical state could only be mobilised locally in a shear band. Once the resin had set and hardened, mini-cores (3-6 mm in diameter) were extracted both from regions containing the shear band and from the bulk of the sample. Further details of the triaxial tests and resin impregnation process are given by Fonseca (2011) and Fonseca et al. (2012a) .
As outlined by Stock (2008) or Ketcham & Carlson (2001) , when using CT the image field of view (FOV) should be larger than the object, and the smaller the FOV the smaller the voxel size. The voxel size used in this research was 5 ìm, after a 2 3 2 3 2 binning (i.e. a volume of 2 3 voxels was replaced by 1 voxel) to cope with computer memory issues. This voxel size is almost an order of magnitude greater than that achieved in key earlier geotechnical studies (Table 1 ), noting that the resolution is related to the cube of the voxel length. When using micro-CT data to characterise the internal structure of a material, the image quality and voxel size required are both functions of the size of the features of interest that need to be resolved, and of the purpose of the current investigation. When the contact, particle and void morphologies are all considered, as in the current investigation, small voxel sizes are required to achieve the desired resolution of all these features. Thus the sample size, voxel size and scanning parameters are based on a compromise between three main factors: image quality, time taken and cost of the process. Table 2 summarises the 13 mini-cores scanned for eight intact (Int-1-a to Int-4-b-S) and five reconstituted (Rec-1-a to Rec-4-S) samples. As shown in Table 2 , the load stages at which micro-CT scans were performed corresponded to different strains for the intact and reconstituted samples. For the intact soil, two samples were cored from the shear band region at load stages 3 and 4 (samples Int-3-b-S and Int-4-b-S respectively), but, since the mini-cores are larger than the shear band thickness, each sample is composed of particles from both inside and outside the shear band. For the reconstituted soil, one sample intercepted the shear band at load stage 4 (Rec-4-S). All the remaining samples were either taken before the shear band developed or do not contain a significant part of the shear band region.
All of the data presented were acquired in one of two nanotom micro-CT scanners, developed by phoenix|X-ray (GE). Full details of the systems used and the scanning parameters are given by Fonseca (2011) . Images obtained using laboratory micro-CT scanners can exhibit artefacts and other shortcomings (e.g. Davis & Elliott, 2006) , complicating subsequent image analysis. Synchrotron radiation images can potentially have higher quality, as a monochromatic X-ray beam can be used, there is a higher photon flux, and the signal-to-noise ratio is better (Stock, 2008) . Access to synchrotron radiation sources is limited, and although there are examples of use of synchrotron facilities in geomechanics studies (as noted in Table 1 ), laboratory sources are more common, and are likely to continue to be adopted in geomechanics research. Careful consideration had to be given to particles that intercepted the scan boundary, and the number of complete 'inner' particles that did not touch the boundaries is indicated in Table 2 . Per-particle statistics (e.g. coordination number) were then calculated only for the inner particles, as detailed in Fonseca (2011) . Figs 3(a) and 3(b) illustrate small sections through tomographic data for an intact and a reconstituted specimen of Reigate sand respectively.
VOID RATIO
The void ratios calculated from the micro-CT data (e CT ) were compared with the overall void ratios measured in the laboratory (e lab ) to assess the reliability of the micro-CT results. The e lab measurements for load stage 1 were based on the initial weight and volume of the triaxial specimen (for a density of 2648 Mg/m 3 ), and during deformation the change of volume was calculated from local measurements of axial and radial strains using linear variable differential transducers (LVDTs). The output from a micro-CT scan is a dataset of voxels, and the voxel colour intensity is a measure of the X-ray attenuation at that point in the sample. Ideally, the solid and void phases in the samples should be easily differentiated, because the differences in density and atomic number give marked differences in attenuation. Noise and artefacts present in micro-CT data complicate the differentiation of the two phases. The data were first enhanced using a 3 3 3 3 3 median filter, and then a threshold was used to select the attenuation intensity to differentiate the solid particle phase from the resin-filled void phase. The threshold value was defined by fitting Gaussian curves to each of the two peaks of the intensity histogram, and finding the minimum point between them. The e CT measurements are very sensitive to the threshold value selected, and for this reason the initial threshold value was verified using the method proposed by Otsu (1979) , which divides the histogram into two classes, and minimises the intra-class variance between (algorithm implemented in ImageJ; Schneider et al., 2012) . While the threshold has a large influence on both the e measurements and contact analysis, much of the uncertain- 
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ties commonly associated with the threshold value selection can be reduced by using sharp images where the grain boundaries can be more easily defined. The thresholding segmentation generated a three-dimensional binary image, so that each voxel was identified as being either void space (with a colour or intensity of 0) or solid particle (with a colour or intensity of 1), and the void ratio (e CT ) was calculated as
where N total voxel is the total number of voxels, N solid particle voxel is the number of voxels occupied by solid soil particles. Table 3 and Fig. 4 compare overall (e lab ) values derived from the dry density of the samples with the e CT values for load stages 1 to 4 (LSt1-LSt4). The normalised differences between the laboratory and micro-CT measurements of void ratio were between À9% and +25%. In general, e lab is higher than e CT : These differences can be explained by recognising that the e lab values are global, and so do not capture the local variations of void ratio within the specimen. Local void ratio variations are related to both the initial (inherent) heterogeneity of the material and localisations that form during loading. The e CT values prior to loading for both samples provide evidence of inherent heterogeneity. Whereas the two intact samples have very similar e CT values, the e CT values for the two reconstituted samples differ. These differences can be attributed to the heterogeneity of the reconstituted samples when compared with the intact samples, as was observed in preliminary low-resolution scans (with a voxel size of 45ìm) along the full height of the triaxial sample. This analysis found a slightly uneven distribution of darker voxels (representing the void space) of the reconstituted material, as a result of the specimen preparation process, but no consistent macrostructure was identified (e.g. layering). Once a shear band develops, the volumetric strain estimates made using the LVDT data are less accurate. Here, once a visible shear band has emerged (at strain levels of 3 . 8% and 9 . 7% for the intact and reconstituted samples respectively), the reconstituted specimen shows a higher e lab value.
For the intact material, at load stages 3 and 4 (axial strains of 3 . 9% and 7 . 9%), the two e CT values for samples Int-3-a and Int-4-a both consider the material outside the shear band, and, as expected, these have lower void ratios than samples Int-3-b-S and Int-4-b-S, which consider material that includes the shear band. The e CT values from micro-CT data given in Fig. 4 are from a number of subsamples and so they do not necessarily agree exactly with the changes of e that might be expected from the overall volumetric strains measured for one overall laboratory sample as presented in Fig.  2 . The very high difference between e lab and e CT (25%) observed for the reconstituted sample Rec-3-a can be attributed to the significant barrelling of the sample at load stage 3, which led to an overestimation of the e lab (as a consequence of the use of the right cylinder assumption for the cross-sectional area calculation), and also to the sample heterogeneity, which was larger in the reconstituted samples. The good agreement for samples Int-3-b-S and Int-4-b-S is probably to some extent fortuitous. For these samples, which contain the shear band, the e CT values represent some sort of average between the shear band in the middle of the minicore sample and the soil outside it, but the proportions of soil inside and outside the shear band in this mini-core are very different from those contributing to the global measurement, e lab , and cannot be easily estimated. For both the intact and reconstituted material, similar void ratios were obtained for the three samples containing the shear band. Whereas for the intact soil it is clear that a limit void ratio is reached in the shear zone, as suggested by Desrues et al. (1996) , for the reconstituted soil the inaccuracies of the global measurements (as stated previously) may prevent this from being observed.
CONTACT IDENTIFICATION
During the thresholding phase outlined above, the solid particles were separated from the void space; then, to identify contacts, a watershed segmentation process was used to identify individual grains. Here the watershed segmentation algorithm proposed by Beucher & Lantuejoul (1979) was applied using an in-house code (Atwood et al., 2004; Yue et al., 2011) , as detailed by Fonseca (2011) . This segmentation process assigned an integer identification number to each particle-phase voxel, and each particle was defined as a cloud of voxels that share the same common and unique intensity value.
The process of contact identification differs from particle identification, as a contact is not a physical feature of the soil. Considering two contacting particles, with intensity values m 1 and m 2 , the particle m 1 voxels were classified as contact voxels if they connected to a voxel of value m 2 , where m 2 6 ¼ m 1 and m 2 6 ¼ 0 (as the void space has intensity 0). The voxel contact classification used in this study was based on a 6-connectivity voxel neighbourhood relation, and required a total of six orthogonal 'passes' through the data along the x, y and z directions, as discussed by Fonseca (2011) . Table 4 presents the statistics for the contacts identified, including the number of contacts and average contact size for all the samples.
COORDINATION NUMBER
The coordination number (CN) is a measure of the packing density, based on the average number of contacts per particle: that is
where N p is the number of particles, and N c is the number of contacts. DEM studies such as Thornton (2000) and Shire & O'Sullivan (2013) have examined the correlation between CN and material response, but there have been only a few experimental studies considering CN -for example the contribution by Oda (1977) , who considered glass ballotini.
More recently, using micro-CT data, Hasan & Alshibli (2010) measured the coordination number for a resinimpregnated sample of silica sand that included a shear band; their analysis also considered the relationship between e and CN. Figure 5 shows the coordination number distribution (CND) for all samples, and Table 5 gives the average CN values (CN ave ). The curves for the intact samples at load stages 1 and 2 (Int-1-a, Int-1-b, Int-2-a and Int-2-b) are located slightly to the right, with higher CN values than those for the reconstituted samples (Rec-1-a, Rec-1-b, Rec-3-a, Rec-3-b and Rec-4-S). Considering the intact material, there is a systematic variation in CND during shearing. Very Table 5 , there is clearly a greater number of floating or rattler particles (i.e. particles with no contacts or only one contact) in the reconstituted material. There are also significantly more of these types of contact in samples intercepting the shear band (samples Int-3-b-S and Int-4-b-S). On the whole, only a small number of particles have one or no contacts (,4%), and so the average coordination number and the mechanical coordination number are similar for each sample. Figure 6 compares the evolution of CN ave with the specimen load-deformation response, and the CN values are compared with the shear stiffness (G) in Fig. 7 . G was calculated by taking tangents to the deviatoric stress shear strain curve, where the shear strain was calculated as å s ¼ 2(å a À å r )/3, and å a and å r are the local axial and radial strains measured with the LVDTs. The systematic decrease in the average CN up to load stage 3 associated with dilation of the material is more notable for the intact material. The higher strength and stiffness values associated with the intact material can qualitatively be linked to the differences in CN, even if the major drop in stiffness for the intact soil actually occurs before the CN changes significantly. Comparing load stages 3 and 4, no significant changes can be observed, which may be an indication that a critical CN was reached, as observed in previous studies (e.g. Thornton, 2000) . It is also interesting that the final CN values for the intact and reconstituted soil are quite similar. For the same load stage, the differences of individual CN values (e.g. intact material load stage 3 and reconstituted material load stages 1 and 3) can partly be explained by the differences in the void ratio between the samples.
The correlation between CN ave and e CT for all the samples is examined in Fig. 8 . The trend observed indicates an increase in the number of contacts as the void ratio decreases, and, considering the entire dataset, the two parameters may be related by e CT ¼ 1 . 69exp(À0 . 14CN). For a dense, reconstituted silica sand, Hasan & Alshibli (2010) reported a similar trend. It is encouraging that the two sets of data are qualitatively similar. There are quantitative differences, however: Hassan & Alshibli found e and CN to be related as e ¼ 2 . 23exp(À0 . 13CN): that is, they observed a higher value of CN for a given e. This difference may be attributed to differences in particle size distribution, particle morphology, fabric and mode of shearing, as Hasan & Alshibli considered plane-strain compression rather than triaxial compression. Moreover, the voxel size used by Hasan & Alshibli was 0 . 094d 50 : that is, their images were less detailed, compared with the voxel size of 0 . 019d 50 used in this project. In micro-CT analysis of granular materials, a large voxel size may lead to an overestimation of the number of contacts. Good agreement was found with the measurements reported by Oda (1977) for near-spherical ballotini. As expected CN, increases with particle volume, and in both cases and the relationship between CN and the volume was found to be generally quadratic.
CONTACT INDEX When calculating the coordination number, contacts with a larger area are given the same weight as point contacts. Earlier two-dimensional observations using resin-impregnated Reigate sand (e.g. Richards & Barton, 1999; Cresswell & Powrie, 2004) revealed that this sand typically includes more straight than tangential contacts; there is a relatively high frequency of interpenetrative contacts, plus occasional occurrences of sutured contacts. These observations motivated an examination of the contact areas. The surface area of each contact (S c ) was calculated by multiplying the number of voxels defining each contact by the area of each voxel (voxel width 2 ) to give the result in ìm 2 : These data were used to calculate the contact index, which is defined as
where N P is the number of particles in the assembly, S p;i is the surface area of particle i, S c; j is the surface area of contact j, and N c,i is the number of contacts involving particle i. Fig. 9 shows the contact index distribution (CID) for all the samples. In comparison with the CNDs illustrated in Fig. 5 , the CID curves show a much clearer distinction between the intact samples (Int-1-a and Int-1-b) and the reconstituted samples (Rec-1-a and Rec-1-b) prior to loading, as would be expected from the geological origin of the locked fabric. This clear differentiation between the CI values for the intact and the reconstituted samples prior to the onset of dilation confirms the ability of CI to differentiate between the intact locked fabric and the fabric produced in the laboratory. The intact samples at load stage 1 have very high median CI values (CI 50 ), approaching 0 . 3, indicating that on average approximately one third of each particle is 'covered' with contact surfaces. The values of CI greater than 0 . 5 observed for some particles in sample Int-1-b seem rather unrealistic, and are likely to be related to the inherent difficulties in dealing with complex, interlocked contacts. This affects only the intact samples at load stages 1 and 2. At load stage 2 the two intact samples (Int-2-a and Int-2-b) also show high average CI 50 values, of around 0 . 25. The effect of dilation can be observed for sample Int-3-a, where there is a drop in the CI 50 value at load stage 3 to a value of approximately 0 . 16 for the sample located outside the shear band. This reduction in CI as the shearing progresses is believed to be associated with the formation of new contacts with smaller contact areas, and the breaking of the original contacts as a consequence of disruption to the soil fabric. The curves for the intact soil at load stages 3 and 4 (in particular, the sample intercepting the shear band, Int-3-b-S) are located in the same region (with lower CI values) as the reconstituted samples at the same load stage (samples Rec-3-a and Rec-3-b, both of which partially intersect the shear band). At load stage 4 the intact samples had CI 50 values of 0 . 14 and 0 . 16. The samples that include the shear band at load stages 3 and 4 show higher CI values than the samples outside the shear band. This was also observed by Wong (2003) in his study of shear bands in an oil sand (with a similar interlocked fabric). Wong (2003) suggested that some original contacts were still preserved inside the shear band, which implies that some sand grains translate and rotate in interlocked groups, instead of moving as individual grains. This difference in particle-scale response and the evolution of CI with strain were not observed for the reconstituted sands. For the reconstituted material the maximum CI values rarely exceed a value of 0 . 2, the average is approximately 0 . 1, and there is no clear evolution. Figure 10 compares the evolution of the average CI values with the load-deformation response for both types of specimen. There is no significant change in CI for the reconstituted soil, whereas for the intact soil CI clearly decreases with shearing deformation up to load stage 3. As was the case for the CN data, the CI values do not change significantly during the last stage of shearing. In Fig. 11 the evolution of CI is compared with the degradation of stiffness. As for the CN data, it is interesting that, whereas for the intact sample there is an apparent correlation between reducing CI and reducing stiffness, the major degradation of stiffness actually occurs slightly before the more dramatic change in CI. This indicates that G is sensitive to very small changes in contact conditions, some of which may occur below the image resolution. For the reconstituted sample, unlike CN, where there is a substantial reduction, for CI 
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there is no change, indicating that the new contacts made during shearing are of similar morphology to those created during sample preparation.
The relationship between CI ave and e CT is plotted in Fig.  12(a) for both materials. Clearly, there is a much stronger correlation between the void ratio and the CI values for the intact material, the CI ave values clearly reducing as the material dilates. In the absence of a locked fabric in the reconstituted material, there is less variation in CI, and this parameter does not change with e CT , as might be expected through changes to the number of contacts. Fig.  12(b) compares the CI ave and CN ave values, and again the CI ave values for the reconstituted soil are relatively insensitive to the change in density picked up by the CN ave values. It should be emphasised that the relationships shown on these two figures are valid only for this particular test (i.e. a drained triaxial test at 300 kPa), and are not general. The void ratio changes would depend critically on the stress level, but the reduction of CI with increasing shear strain would be expected no matter what stress level was used. These data do, however, suggest that the CI values can give an indication of damage (i.e. the destruction of the locked fabric, which is due largely to shear strain), but that CI does It is not surprising that little correlation can be observed between CN and CI, given that the indices measure very different characteristics. An increase in the number of contacts may indicate a denser packing, but point-like contacts will not contribute much to an increase of the CI values. In fact, a high number of contacts per particle may limit the possible surface area of each contact. Note also that, in contrast to the CN values, no correlation was observed between CI and particle volume.
In his analysis of two-dimensional images of locked sands, Barton (1993) classified contacts as being tangential, straight, concavo-convex, non-continuous or sutured. Quantitative application of this scheme in three dimensions is non-trivial, and so a simpler classification was adopted here. Contacts were considered to be point contacts if they were defined by 6 voxels or less, corresponding to an area of 54 or 150 ìm 2 depending on the voxel size of the image (i.e. 3 or 5 ìm). This was considered to be the minimum viable size for more detailed description of the straight contacts (e.g. contact normal orientation). Using optical microscope images of thin sections of Reigate sand specimens, Richards & Barton (1999) reported an average coordination number of 1 . 8, and 35% of tangential contacts relative to the total number of contacts. The average coordination number measured in this study for the intact samples was 10 . 0, and the proportion of tangential contacts was 98 . 8%. The differences in the results may be a consequence of the different techniques and criteria used for contact definition. Nonetheless, it also highlights the limitations of a two-dimensional analysis, in which only the contacts intercepted by the image plane are taken into consideration, and a contact can be erroneously classified as point like when it develops out of the image plane. Referring to Table 4 , the percentage of point contacts increases as shearing progresses, and the values are significantly higher for the reconstituted soil.
BRANCH VECTOR LENGTH
The branch vector (BV) is the vector joining the centroids of each pair of contacting particles, as illustrated in Figs 14(a) and 14(b). The branch vector length (BVL) can give an indication of how particles form contacts relative to the orientation of the particle major and minor axes. Although the BVL can provide a quantitative description of how the packing evolves with shearing, there are two factors that may limit its effectiveness. The first is its dependence on both size and shape of the particles, and the second is the fact that, as the soil dilates, the contacts are lost, and the branch vector can no longer describe the deformation. The cumulative distributions of branch length are given in Fig. 14(c) , and the correlation between the mean diameter and the average BVL is presented in Fig.  15(a) . Because of some breakage of the soil during reconstitution and shearing (Fonseca et al., 2012a ) the decrease of BVL can be related to reduction of grain size. The general trend of BVL to decrease with deformation can be interpreted as an indication that the contacts that remain are those formed in a 'more stable' manner, as illustrated in Fig. 14(a) . Referring to Fig. 15(b) , the evolution of the average BVL values and the void ratio (e CT ) also highlights the reduction of BVL from stage 1 to stage 3. The different trend observed for stage 4, for both intact and reconstituted materials, can be related to the similar phenomenon observed for the evolution of CI, and may again be related to the deformation of the grains in clusters inside the shear band.
VOID SIZE ANALYSIS
The void sizes were analysed for six of the 13 samples. The identification of individual voids is somewhat ambiguous, as all the voids are interconnected in three dimensions, so the watershed algorithm described above was applied to segment the void space. Ghedia & O'Sullivan (2012) also used this approach in two dimensions. Cumulative void size distributions (VSDs) are given in Fig. 16 , using the lengths of the intermediate axes of the voids to quantify the size. Initially, the VSDs of both the intact and reconstituted soils are close to the particle size distribution (PSD) measured by sieving, but as shearing continues, the VSDs increase as the soil dilates. To investigate the influence of the PSD on the VSD, the mean particle diameter (d 50 ) is compared with the mean void diameter in Fig. 17 . Although, for the initial stage, the intact soil has larger grains than the reconstituted soil, the void sizes are not so significantly different. Similarly, the difference in the void sizes between stages 1 and 3 for the intact soil is much smaller than the corresponding As expected, the sample containing the shear band exhibits larger voids than the sample outside the shear band. The difference is more pronounced for the intact soil, which confirms that the degree of localisation is greater for this material.
CONCLUSIONS
In common with previous work using micro-CT, this paper has shown that examination of the internal structure of sand at the particle scale can provide a rational explanation for macro-scale differences in mechanical response. Although different soil samples were used for each load stage, the initial void ratios and mechanical responses were very similar, and so each sample can be considered to give a representative material response. The advantage of this approach, as compared with imaging during a single test, is that micro-CT or nano-CT may be used, whereas a synchrotron is often needed for the latter method to achieve an adequate resolution and reasonable sample size. A more sophisticated triaxial apparatus may also be used, for example with local measurement of strains. The main disadvantage is that the development of the fabric of a single sample cannot be traced throughout the loading history, and so there is inevitably some scatter in the data. The compromise between the sample size and the image resolution is a pertinent issue in this area of research. Although some scatter due to the initial heterogeneity of the reconstituted samples could have been reduced by using larger samples, the intact soil had provided consistent results, giving unique insights only possible using high-resolution data.
Comparing the intact and reconstituted samples, significant differences in the packing density were revealed that cannot be detected by consideration of void ratio alone. The higher strength and stiffness observed for the intact material can be attributed to the greater contact density within the sample. Upon shearing, the initially high values of both coordination number (CN) and contact index (CI) decreased to quasi-stable values, coinciding with the plateau in the stress-strain response. This observation is in accordance with the critical CN observed by Thornton (2000) using DEM simulations. In comparison with CN, CI was found to be more effective to describe the evolution of the contact densities. Moreover, the potential of using CI for fabric description is reinforced by the fact that it is fairly size insensitive. The results have shown that the soil stiffness is sensitive to very small adjustments in the initial packing/ contacts that cannot be described by CN, and were too small to be picked up by the CI values used here; perhaps an even greater resolution of CI would be able to identify them. Neither CI nor CN alone appeared to be able to capture all of the important changes to the contacts during loading; CI identified damage to contacts through shear-straining the soil, but CN captured better the change of contacts due to the volumetric response.
The data on the evolution of the branch vector length are difficult to interpret, given that the particle size also changes with shearing, owing to particle breakage. However, when applied to a material with no breakage during deformation, the BVL parameter can provide information on the way the contact evolves with deformation. The evolution of the size of the voids has shown that the initial PSD has little influence on the VSD, and the main increase in the size of the voids occurs inside the shear band. The degree of localisation can be related to the size of the voids inside the shear zone; this investigation has indicated that the intact soil shows larger voids inside the shear band when compared with the reconstituted soil.
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